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Introduction
Polynuclear metal carbonyl complexes containing tin can serve as precursors to bi-and multimetallic nanoscale heterogeneous catalysts that exhibit extremely high activity and superior selectivity for certain types of hydrogenation and dehydrogenation reactions when anchored on oxide supports. [1] [2] [3] [4] The enhanced catalytic activity extant in such systems is attributed to tin's ability to modify the electronic properties and particle size distribution of the heterogeneous transition metal catalyst/nanoparticle. [4] [5] [6] Consequently, several methods have been developed to incorporate tin into the coordination sphere of polynuclear metal carbonyl complexes. The most widely used method is the oxidative addition of organotin hydrides (Sn-H) to metal cluster complexes as exemplified by the work of Adams [7] [8] [9] and Cabeza [10, 11] . A second method is the oxidative addition of other (organo)tin-element bonds (Sn-C, Sn-S and Sn-N) to such cluster complexes. [12] [13] [14] [15] Recently, Cabeza et al. also shown that stannylenes stabilized by organic amides can be easily incorporated into the coordination sphere of polynuclear metal carbonyl complexes via direct reaction between them. [16] Empirically, the reaction of unsupported metal carbonyl clusters with organotin hydrides or other tin sources is typically accompanied by the formation of lower nuclearityproductsproduced by cluster degradation. [9, 12] Since it has been established that the diphosphine bis(diphenylphosphino)methane (dppm) can stabilize the trimetallic core of Group 8 clusters with respect to degradation, we have employed triruthenium and triosmium clusters [M3(CO)10(µ-dppm)] (M = Ru, Os) to help stabilize the metallic polyhedron from unwanted fragmentation during the incorporation of tin. Stoichiometrically-controlled addition of tin to [M3(CO)10(µ-dppm)] potentially facilitates the preparation of tin derivatives in a systematic fashion, which in turn allows for reproducible molecular heterogeneity of MxSny nanoparticle-derived catalysts. Moreover, important mechanistic insight associated with the early activation steps of the ancillary tin ligands at a trinuclear cluster can be investigated as the catalyst precursor transforms to the alloy catalyst/nanoparticle. [13, 16, 17] We have previously reported our results from the reactions of [Os3(CO)10(μ-dppm)] with Ph3SnH
and Ph3GeH which showed that the dppm ligand successfully prevented cluster fragmentation. [13a,18] Herein we report our findings on related reactions [Ru3(CO)10(μ-dppm)]
with Ph3SnH which gives rise to some novel ruthenium-tin clusters, the structure and bonding of which have been investigated by DFT calculations. [19] and [Os3(CO)9(SnPh3)(µ-dppm)(µ-H)] [13a] . Most probably for the same reason 119 Sn satellites were not observed in the hydride signal at room temperature.
In order to arrest this fluxional process we lowered the temperature, but were unable to see the 119 Sn satellites even at 213 K ( Figure S10 ). The two broad singlets observed in the 31 P{ 1 H} NMR spectrum at room temperature gradually sharpen as the temperature was lowered, but we did not observe the expected splitting even at 213 K ( Figure S12 ). The osmium analogue [Os3(CO)9(SnPh3)(µ-dppm)(µ-H)] [13a] was strucrually characterized which confirmed the disposition of the hydride and Ph3Sn ligands relative to the dppm-tethered OsOs bond. The large Ph3Sn ligand occupies one of the two equatorial sites at the adjacent ruthenium centre with the hydride located at the sterically least crowded equatorial site cis to the Ph3Sn group.
The locus preference for the disposition of the hydride and Ph3Sn ligands relative to the bridging dppm ligand in 1was investigated by density functional theory (DFT). Two structures were optimized (A and A_alt), each possessing an edge-bridged hydride and an equatorially situated Ph3Sn ligand that was oriented either cis or trans to the hydride ( Figure   1 Place Figure 1 and Table 1 Here
The identity of 2 and 3 could not be ascertained from spectroscopic dataandaccordinglywe carried out single crystal X-ray diffraction analyses to establish their molecular architecture. The structure of 2 is depicted in Figure2 (7) Å] distances are considerably longer than the dppm-bridged metallic edge but do fall within the van der Waals radii for two ruthenium atoms. [23] Theseare best viewed as weak Ru-Ru single bonds since the cluster has a total electron count of 48. [24] Examples of polynuclear ruthenium clusters with Ru-Ru bond(s) exceeding 3.10 Å include [{( 6 -C6Me6)2Ru2H2(CH2Cl2)}RuB10H8(OEt)2], [25] Ru5Pt5(CO)18(COD)2(3-H)2, [23] [{Ru3H(pyS)(CO)7}3], [24] and [AuRu6(3-H)(-O:-C: 6 -OC6H3OMe-4)(CO)16(PPh3)] [26] .
Place Figure 2 Here
The two Ru-P bond distances in 2 are symmetric [Ru(1)-P(1) 2.3825(7) and Ru (2) The Ru(1)···Ru(3) internuclear separation found in the X-ray structure is 5.411 Å which clearly precludes any significant bonding interaction, a feature reflected by the WBI of 0.02computed for this particular bond (Table 1) [29, 30] Ph3SnH shows an absorption at 1838 cm -1 due to a Sn-H stretching vibration in its ATR-FTIR spectrum ( Figure S16 ). Although 3 also displays absorptions around 1850 cm -1 ( Figure   S17 ), we could not assigned these absorptions to a Sn-H stretch unambiguously due to the presence of CO ligand stretching in the molecule in this same region. Formation of 3 upon heating 2 results from both cleavage of a Sn-Ph bond (probably extruded as benzene) but also CO addition. As the yield of 3 is relatively low (31%) then presumably added CO results from degradation of a small amount of cluster 2.
Summary and conclusions
The stepwise functionalization of [Ru3(CO)10(-dppm)] by Ph3SnH has been demonstrated under Me3NO-promoted activation and direct thermolysis. The initial product [Ru3(CO)9(SnPh3)(µ-dppm)(µ-H)] (1)results from CO loss, coupled with Sn-H bond cleavage. This product reacts with further Ph3SnH to give the dihydride cluster (2), resulting from theaddition of a further two equivalents of Ph3SnH and a secondary Sn-Ph bond scission. The clustercontains an edge-bridged hydride and a triply-bridged hydride that lies within the interior of an expanded metallic polyhedron, two of the ruthenium-ruthenium bonds being at the extreme end of distances attributed to ruthenium-ruthenium bonds. The final product,
is obtained upon thermolysis of
2 and is shown to contain two bridging Ph2Sn ligands that help maintain the trimetallic framework of the product. Interestingly while it is the thermolysis product of 2 it also has one more CO ligand, thus the thermal rearrangement has led to an increase in the total electron count from 48 to 50, the reverse of the behaviour normally noted in low valent cluster chemistry. The structures of 1-3 have been established by spectroscopic and structural studies, and bonding aspects have been examined by DFT calculations. It is noteworthy that in all new Ru-Sn complexes the triruthenium core is maintained, highlighting once again the stabilising nature of the dppm ligand. A further point of note is our inability to isolate or identify any products with aRu:Sn ratio of 3:2. These data suggest that the addition of the second equivalent of Ph3SnH activates the triruthenium centre to further oxidative addition (either Sn-H or Sn-C) and highlights the potential role of tin as a catalytic accelerant. The use of these new clusters as precursors for the stoichiometrically-controlled formation of RuSn nanoparticles and alloy precatalysts is on-going, the results of which will be presented in due course.
Experimental
General remarks: All reactions were carriedunder an inert atmosphere of nitrogen using [31] Products were separated in the air on TLC plates coated with 0.25mm layer of silica gel (HF254-type 60, E. Merck, Germany). 
Reaction of [Ru

Conversion of 1 to 2:
To a CH2Cl2 solution (20 mL) of 1 (10 mg, 0.008 mmol) and Ph3SnH
(6 mg, 0.017 mmol) was added a CH2Cl2 solution (10 mL) of Me3NO (2 mg, 0.027 mmol) using a pressure equalizing dropping funnel. The mixture was stirred at room temperature for 2 h, and the product was isolated by chromatography, as described above, to give 2 (6 mg, 42%).
Reaction of 1 with Ph 3 SnH:
A THF solution (20 mL) of 1 (10 mg, 0.008 mmol) and Ph3SnH (5 mg, 0.014 mmol) was heated to reflux for 2 h. Similar chromatographic separation and workup mentioned above gave 3 (5 mg, 36%).
Conversion of 2 to 3:
A THF solution (15 mL) of 2 (10 mg, 0.0054 mmol) was refluxed for 1h. The solvent was removed under reduced pressure and the residue chromatographed by TLC on silica gel. Elution with cyclohexane/CH2Cl2 (7:3, v/v) developed three bands. The first band corresponded to unreacted 2 (3 mg). The second band isolated furnished 3 (3 mg, 31%) while the contents of the other band were too small for complete characterization.
Crystal structure determination:Single crystals of clusters 2 and 3suitable for X-ray diffraction analysis were grown by slow diffusion of hexane into a CH2Cl2 solution containing each cluster. A suitable single crystal of 2was mounted on an Agilent Super Nova dual diffractometer (Agilent Technologies Inc., Santa Clara, CA) using a Nylon Loop and the diffraction data were collected at 150(1) K using Cu-Kα radiation (λ = 1.54184). Unit cell determination, data reduction, and absorption corrections were carried out using
CrysAlisPro. [32] The structurewas solved with the ShelXS [33] structure solution program using Direct Methodsand refined by full-matrixleast-squareson the basis ofF 2 using SHELXL 2013 [33] within the OLEX2 [34] graphical user interface. Non-hydrogen atoms were refined anisotropically, and hydrogen atoms (except those directly bonded to metals) were included using a riding model.One phenyl ring [C47-C52] was disordered and refined over two sites with occupancies of 0.65:0.35.A suitable single crystal of 3 was mounted on a Bruker SMART APEX CCD diffractometer using glass fiber and the diffraction data were collected at 150(2) K using Mo-Kα radiation (λ = 0.71073). Data reduction and integration were carried out with SAINT+ and absorption corrections were applied using the program SADABS. [35] Structures were solved by Direct methods and refined using full-matrixleastsquares on F 2 . All non-hydrogen atoms were refinedanisotropically. Hydrogen atoms were placed in the calculated positions and their thermal parameters linked to those of the atoms to which they were attached (riding model). The SHELXTL PLUS V6.10 program package was used for structure solution and refinement. [36] Pertinent crystallographic parameters are given in Table 2 .
Computational Methodology:The DFT calculations were carried out with the Gaussian 09 package of programs [37] using the B3LYP hybrid functional. This functional is comprised of Becke's three-parameter hybrid exchange functional (B3) [38] and the correlation functional of Lee, Yang, and Parr (LYP) . [39] The rutheniumand tin atomswere described with the StuttgartDresden effective core potential and SDD basis set, [40] and the 6-31G(d') basis set [41] was employed for the P, O, C, and H atoms.
The reported geometries for A-Cwere fully optimized, and the analytical Hessian was evaluated at each stationary point to confirm that the geometry was an energy minimum (no negative eigenvalues). Unscaled vibrational frequencies were used to make zero-point and thermal corrections to the electronic energies, and the resulting free energies are reported in kcal/molrelative to the specified standard. The geometry-optimized structures have been drawn with the JIMP2 molecular visualization and manipulation program.
[42] [b] Derek A. Tocher, [c] Michael G. Richmond, [d] Shariff E. Kabir* [a,e] , Herbert W. Roesky* [e] The structure and bonding of several dppm-ligated ruthenium-tin clusters prepared from the reactions between [Ru3(CO)10(µ-dppm)] and Ph3SnHhave been examined. 
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